Objective: To investigate whether adiponectin is associated with arterial stiffness, and whether adiponectin explains the association between body composition and arterial stiffness. Design: Cross-sectional cohort study. Methods: Subjects were participants (nZ456, mean age 68.9G6.1 years; age range 60-86 years) of the third follow-up examination of the Hoorn Study. Trunk fat, leg fat, trunk lean, and leg lean mass were measured by dual-energy X-ray absorptiometry. Ultrasound was used to measure distensibility and compliance of the carotid, femoral, and brachial arteries, and carotid Young's elastic modulus (as estimates of peripheral arterial stiffness). Results: Trunk fat mass was negatively associated with (ln-transformed) adiponectin (standardized bZK0.49, P!0.001), while leg fat mass was positively associated with adiponectin (bZ0.44, P!0.001), after adjustment for each other, age, and lean mass. After adjustment for age, sex, mean arterial pressure, and estimated glomerular filtration rate, higher adiponectin was associated with decreased peripheral arterial stiffness (b of mean Z-scores of all three arteriesZ0.14, PZ0.001). However, the associations of trunk fat (bZK0.26, P!0.001) and leg fat (bZ0.16, PZ0.006) with peripheral arterial stiffness were only minimally explained by adiponectin levels. Conclusion: Trunk fat and leg fat are oppositely associated with adiponectin. Although low adiponectin was a determinant of increased peripheral arterial stiffness, it only explained a small part of the association between body fat and peripheral arterial stiffness. This indicated that factors other than adiponectin may be more important in the pathophysiological mechanisms by which abdominal obesity leads to arterial stiffness.
Introduction
Obesity, particularly abdominal obesity, is a strong risk factor for cardiovascular disease (CVD) (1) . Arterial stiffness is a strong predictor of CVD and is considered to be an early marker of CVD, as it impairs the ability of the arterial system to handle the pressure boost at systole. This leads to increased systolic blood pressure, decreased diastolic blood pressure, increased left ventricular mass, and decreased diastolic perfusion (2) . We have previously shown that regional fat distribution is associated with peripheral arterial stiffness (and not with central arterial stiffness). Trunk fat mass was associated with increased peripheral arterial stiffness, whereas leg fat was independently associated with decreased arterial stiffness (3, 4) .
The underlying pathophysiological mechanisms linking fat distribution to CVD are not completely understood, but proteins secreted by adipose tissue (adipokines) are thought to be involved (5) . Adiponectin is a promising adipokine, which is predominantly produced by adipocytes and the most abundant adipocyte-derived protein. Paradoxically, adiponectin levels are decreased in (abdominal) obesity (6) . The differences in the effects of trunk and leg fat on arterial stiffness (4) , as well as on other cardiovascular risk estimates (7, 8) , may be explained by differential secretion of adipokines by different fat depots.
Several studies have shown that adiponectin has insulin-sensitizing, anti-inflammatory, and anti-atherosclerotic properties (9, 10) . Adiponectin inhibits the expression of adhesion molecules in human endothelial cells and suppresses macrophage function, and thus plaque formation. It may also limit cardiac remodeling (10, 11) . Only very few relatively small studies in selected populations investigated adiponectin in relation to arterial stiffness and had inconsistent results (12) (13) (14) (15) .
To our knowledge, no study has investigated the potential role of adiponectin in the relationship between precisely measured fat distribution and arterial stiffness.
The aims of the present study were to investigate the association of adiponectin levels with peripheral arterial stiffness and to study to what extent adiponectin concentrations could explain the association of body composition with peripheral arterial stiffness in a large population-based study of older men and women.
Methods

Subjects
Subjects for the present study were participants of the Hoorn Study. The Hoorn Study commenced in 1989 and is a population-based cohort study of glucose metabolism and its consequences (16) . At baseline, 2484 men and women aged 50-75 years were included. In 2000-2001, a third examination was carried out among surviving participants who gave their permission to be re-contacted. All participants who had diabetes at the second examination in 1996-1998 (17) , as determined by a 75 g oral glucose tolerance test (OGTT) or by diabetes treatment (nZ176), were invited. We also invited a random sample of participants who had normal glucose tolerance (nZ705) or impaired glucose tolerance (nZ193) at the second examination in 1996-1998. Of 1074 persons invited, 648 (60.3%) participated. The main reasons for not participating in the 2000-2001 follow-up examination were lack of interest (30%) or comorbidity (23%). Other reasons were high age (7%), unwillingness to travel (6%), participation considered too time-consuming (6%), and miscellaneous reasons (15%), while 13% gave no reason. For the present study, cross-sectional data of this examination were analyzed. The Ethical Review Committee of the VU University Medical Center approved the study protocol and all participants gave their written informed consent.
Adiponectin
At the medical examination, a blood sample was taken from all participants after overnight fasting. Total adiponectin was determined in 2006 in spare plasma samples that had been stored at K80 8C. Adiponectin concentrations (mg/l) were determined by an in-house time-resolving immunofluorometric assay as recently described (18) . After 80 setups, the inter-assay coefficient of variation (CV) of internal quality control solutions containing recombinant human adiponectin averaged 7.75, 7.88, and 6.96% at a level of 3.4, 17.4, and 174.0 mg/l respectively. The inter-assay CV of a human quality control serum sample averaged 9.24% (76 setups, mean 13.12G1.21 mg/l). The intra-assay CV of unknown samples analyzed in duplicate averaged 2.0%.
Body composition
Total body fat percent, and fat and lean soft tissue mass of the trunk and legs were determined by whole body dual-energy X-ray absorptiometry (DXA) (QDR-2000, software version 7.20D, Hologic, Brussels, Belgium). Trunk fat and leg fat were partitioned according to specific anatomic landmarks, as has been described for the Hoorn Study previously (8) . All DXA scans were performed and read by one investigator.
Arterial stiffness
In the Hoorn Study, both the central and peripheral arterial stiffness has been measured (19, 20) . Because fat distribution was not associated with central arterial stiffness (as estimated by carotid-femoral transit time, aortic augmentation index, and systemic arterial compliance (4)), and central arterial stiffness estimates were not associated with adiponectin levels (data not shown), we will only describe methods and results for peripheral arterial stiffness.
The methods used to estimate peripheral arterial stiffness have been described in detail previously (20) . Briefly, we obtained the diameter (D) and distension (DD) of the right common carotid, the right common femoral, and the right brachial arteries, and the intimamedia thickness (IMT) of the right carotid artery by ultrasound. Brachial systolic and diastolic pressures were assessed in the left upper arm. Brachial pulse pressure (PP) and brachial mean arterial pressure were calculated. PP at the carotid and femoral arteries was calculated by the distension waveform calibration method, which is more accurate than using brachial PP (21, 22) . All ultrasound measurements were performed by a single sonographer.
Distensibility coefficient (DC) end compliance coefficients (CC) were calculated from D, DD, and PP (23) . Distensibility reflects the elastic properties of an artery whereas the compliance reflects the buffering capacity of the artery. Lower values of DC and CC indicate stiffer arteries. From carotid IMT, D, and DC, we calculated Young's elastic modulus (E), an estimate of the intrinsic elastic properties of the vessel wall. Lower values of E indicate less stiff arteries.
Additional measurements
We determined fasting glucose, insulin, 2 h post-load glucose after a 75 g OGTT, fasting high-density lipoprotein (HDL) and low-density lipoprotein (LDL) cholesterol, triglycerides, serum creatinine, body mass index (BMI), waist circumference, and prior CVD as described elsewhere (8, 24, 25) .
Because renal function may influence adiponectin levels (15) , renal function was estimated by the glomerular filtration rate (eGFR) by the modification of diet in renal disease (MDRD) equation (170! (creatinine) K0.999 !(age) K0.176 !(serum urea nitrogen) K0.170 !(albumin) 0.318 !(0.762 if patient is female; 1.180 if patient is black)) (26) . The MDRD equation is given in traditional units. To convert to International System units, multiply creatinine in mg/dl by 88.4, urea in mg/dl by 0.357, and albumin in g/dl by 10. eGFR is expressed in ml/min per 1.73 m 2 body surface area.
We obtained self-reported information on health status, medical history, current medication use, physical activity (min/week), alcohol intake (g/day), macronutrient intake (energy %), and current smoking (yes/no) by questionnaires.
Statistical analyses
Baseline characteristics of the study population are shown according to sex-specific tertiles of adiponectin levels in order to show crude associations with this hormone. Associations between body composition measures (trunk fat, trunk lean, leg fat, and leg lean mass), adiponectin, and peripheral arterial stiffness were investigated by linear regression analyses. Standardized b values are reported. A standardized b of 0.1 indicates that when the independent variable increases by 1 S.D., the dependent variable increases by 0.1 S.D.
First, we considered trunk fat, trunk lean, leg fat, and leg lean mass together as determinants (independent variables) of adiponectin concentration (dependent variable), adjusted for age and additionally adjusted for eGFR, and lifestyle factors (smoking and dietary intakes of fat and carbohydrates).
Next, we investigated the associations between adiponectin (independent variable) and peripheral arterial stiffness estimates (distensibility and compliance of the carotid, femoral and brachial arteries, and the carotid Young's elastic modulus; dependent variables). A summarizing peripheral stiffness variable was constructed by means of Z-scores. We calculated (sex specific) Z-scores for each peripheral stiffness measure (DC, CC, and E) of each artery, and multiplied the Z-score of E by K1. A Z-score is calculated as the individual value minus the mean value in the study population, divided by the S.D. We also performed regression analyses using the mean of the seven Z-scores as a dependent variable.
Finally, it was investigated whether adiponectin, in part, explained the associations between body composition measures and peripheral arterial stiffness by adding this variable to the regression model, which included body composition measures as independent and peripheral arterial stiffness as dependent variables.
In all regression models, effect modification by gender, prior CVD or presence of type 2 diabetes was tested by adding product terms to the models. Effect modification was considered statistically significant if P!0.10. We considered the stability of the regression models to be disturbed by multicollinearity if the tolerance was !0.1 (or variance inflation factor O10). The correlation between trunk fat and leg fat was 0.522. None of the reported regression models was disturbed by multicollinearity. All statistical analyses were performed using SPSS for Windows (version 10.1.0; Chicago, IL, USA).
Results
Of the 648 participants, 25 had missing DXA data and for 37 persons adiponectin levels could not be determined due to lack of plasma (nine participants missed both). From the remaining 595 participants, another 139 participants did not take part in the ultrasound examination and were excluded from all analyses. The main reason for missing ultrasound data was poor definition of the arterial wall due to obesity (20) . The final study sample consisted of 456 participants.
Baseline characteristics of the study population are shown in Table 1 according to sex-specific tertiles of adiponectin levels. From the lifestyle variables, smoking was inversely associated with adiponectin levels in women only. In men, physical activity was positively associated with adiponectin, whereas a negative association was observed in women. Although a consistent negative association was observed between adiponectin and type 2 diabetes, a positive association was shown between adiponectin and prior CVD in women. Interestingly, a strong negative association between BMI and adiponectin was observed, whereas total body fat percent was not statistically significantly associated. This may be caused by opposite effects of different types of body fat, which is addressed in Table 2 . In this Table, it is shown that a larger trunk fat mass was associated with lower adiponectin levels independently of trunk lean, leg fat, and leg lean mass, whereas larger leg fat was independently associated with higher adiponectin levels. Although in Model 1 of Table 2 a statistically significant effect modification by sex was found for both trunk fat (PZ0.091) and leg fat (PZ0.045), results were very similar for men and women when the analyses were stratified for sex. Also in Fig. 1 it is shown that, although absolute adiponectin concentrations differ between sexes, the associations of trunk and leg fat with adiponectin concentrations were similar. Leg lean mass (mostly muscle mass) did not significantly contribute to adiponectin levels after adjustment for fat masses ( Table 2) . Adjustment for kidney function and for lifestyle factors (which were associated with adiponectin; see Table 1 ) did not change these results.
Adiponectin was not associated with the measures of central arterial stiffness (data not shown). The associations of adiponectin levels with the various estimates of peripheral arterial stiffness, and with the summarizing variable of these estimates, are shown in Table 3 . Overall, higher adiponectin levels were associated with via free access less stiff arteries. It is also shown, however, that the associations with stiffness estimates at the brachial artery were not statistically significant, although they were in the same direction when compared with femoral and carotid arteries. Men and women were analyzed together because for each of the stiffness estimates there was no statistically significant effect modification by sex (P interaction for the mean Z-score was 0.331). Additional adjustment for eGFR did not change the results (Model 2), nor did adjustment for height (data not shown). Although effect modification by prior CVD (nZ198) or presence of type 2 diabetes (nZ85) was not statistically significant, the associations between adiponectin and peripheral arterial stiffness were weaker in subjects who experienced prior CVD (b of mean Z-score 0.10, PZ0.154) and not evident in whom type 2 diabetes was present (b of mean Z-score 0.05, PZ0.579), when compared with subject without prior CVD (b of mean Z-score 0.18, PZ0.003) or without type 2 diabetes (b of mean Z-score 0.11, PZ0.036). Table 4 shows associations of body composition with peripheral arterial stiffness estimates. Larger trunk fat mass was associated with increased peripheral arterial stiffness, whereas larger leg fat mass was associated with less stiffening (as reported before by Snijder et al. (4) ). There was no statistically significant effect modification of these associations by gender (all PO0.10). So, although associations were found between trunk and leg fat masses and adiponectin ( Table 2) , and adiponectin was associated with peripheral arterial stiffness (Table 3) , adiponectin only explained a very small part of the associations between body composition and peripheral arterial stiffness (Model 2, Table 4 ).
Discussion
Our study showed that i) body composition is a strong determinant of adiponectin levels, with trunk fat associated with lower adiponectin levels and leg fat www.eje-online.org associated with higher levels, ii) low adiponectin levels are associated with increased peripheral arterial stiffness, particularly at the femoral and carotid arteries, and iii) adiponectin levels, however, only explained a small part of the associations between body composition and peripheral arterial stiffness. Although the negative association between overall obesity, as estimated by BMI and adiponectin levels, is quite consistent in numerous studies, the association between DXA-measured body fat mass or body fat percentage and adiponectin has been found to be less consistent (27, 28) . Regarding fat distribution, waist circumference or waist-to-hip ratio were stronger and negatively associated with adiponectin than BMI (6, 27, 29) , and CT-measured visceral fat was a stronger negative determinant than abdominal s.c. fat (30, 31) . One study revealed that waist-to-hip ratio was even more strongly associated with adiponectin than visceral fat tissue (6) , which may be due to the additional effect of femoral-gluteal fat tissue (measured by hip circumference) on adiponectin levels. To our knowledge, only few studies have investigated regional fat distribution by DXA in relation to adiponectin levels in adults, one in men (32) and two in women (33, 34) . Consistent with our findings, it was found that lower body fat was positively associated with adiponectin levels (32, 33) . In the third study, the androidal-to-gynoidal fat mass ratio assessed via DXA accounted for the greatest part of the variability in adiponectin levels (34) . An explanation for the different associations of trunk and leg fat with adiponectin levels may be that these fat depots may differ in adiponectin secretion rate. Differences in adiponectin secretion in human cells from intraabdominal fat compared with abdominal s.c. fat have been shown (35) , but less is known about adiponectin secretion by femoral-gluteal adipocytes.
Only few studies have investigated the association between adiponectin levels and arterial stiffness (12) (13) (14) (15) . Compared with the present study, these studies were relatively small and they were usually performed in a selected group of subjects, which may explain why inconsistent results were found in previous studies. Stork et al. investigated a selection of women with an increased IMT, and found that low adiponectin was associated with worsening of carotid DC (12) . Adiponectin was also associated with a carotid stiffness index in subjects without diabetes, but not in diabetes patients (13) . In 75 never-treated hypertensive patients, low adiponectin was associated with not only increased central stiffness (by pulse wave velocity), but also decreased central stiffness (by augmentation index) (14) . Finally, Tentolouris et al. did not find an association between adiponectin and aortic distensibility in patients with chronic renal failure or controls (15) .
The latter two studies (14, 15) investigated estimates of central stiffness, and found no or inconsistent associations, which may be in line with our findings that none of the estimates of central stiffness were associated with adiponectin levels. The other two studies (12, 13) investigated the markers of carotid arterial stiffness and found an association with adiponectin, except in diabetes patients. We extend these observations by studying a population-based cohort of elderly subjects, and investigating a large set of arterial stiffness estimates, including stiffness estimates at the femoral and brachial arteries, in addition to the carotid artery.
There may also be another or additional explanation for inconsistent results of adiponectin in relation to arterial stiffness in previous studies. Although adiponectin has been suggested to protect against CVD (36) , prospective studies are not consistent and even find opposite associations (37) (38) (39) . In addition, adiponectin was not (or was even positively) associated with either all-cause mortality or CVD mortality in patients with end-stage renal disease, congestive heart failure, or coronary artery disease (40) (41) (42) (43) as well as in the general population (44) (45) (46) . The underlying mechanisms are not exactly understood, but it has been suggested that the increased inflammatory state of these patients may trigger a compensatory increase of adiponectin in an attempt to limit further endothelial damage, cardiac remodeling or atherosclerotic change (10, 47, 48) . This would be consistent with our findings that associations between adiponectin and peripheral arterial stiffness are not significant in persons who had prior CVD or in whom type 2 diabetes was present (persons who are at an increased inflammatory state). In addition, circulating adiponectin exists in high, middle, and low molecular weight isoforms. High molecular weight (HMW) adiponectin has been suggested to be the biologically most active form of adiponectin. The percentage of biologically active HMW adiponectin may still be decreased in the chronic CVD conditions, despite high levels of total adiponectin, due to impaired multimerization of inert adiponectin complexes into HMW adiponectin (47, 48) . So, adiponectin isomer distribution may explain the paradoxical association of adiponectin with mortality and also the inconsistent results with arterial stiffness. Therefore, measurement of adiponectin isomer fractions is recommended in future epidemiological studies. Despite clear associations between fat depots and adiponectin, and between adiponectin and peripheral arterial stiffness, adiponectin did not explain a large part of the associations between fat depots and arterial stiffness. To the best of our knowledge, this has not been studied before. These results indicate that adiponectin probably does not play an important causal role in the association of abdominal obesity with the stiffening of the arteries. Other factors, such as inflammatory factors, other proteins secreted by adipose tissue, or insulin or glucose levels, are all possible mediators (4). Previously we have shown that both insulin and glucose levels attenuated some of the associations between body composition and arterial stiffness, but not all (4) .
A limitation of the present study may be its crosssectional design. Firstly, the possibility that differences in body composition are the consequence rather than the cause of adiponectin concentrations cannot be excluded, but is unlikely as weight reduction affected adiponectin levels whereas adiponectin did not predict weight change (49, 50) . Secondly, because we studied an older Caucasian population, it remains to be established whether the results also apply to other ethnicities and younger subjects. Thirdly, a relatively large part of the study population was lost because of the inability to acquire adequate ultrasound images due to obesity. If this did affect the results, however, it would probably lead to underestimations of the true associations. Finally, DXA cannot distinguish intraabdominal (or visceral) and abdominal s.c. adipose tissue. Additional studies are needed to explore the relative contributions of these and peripheral fat depots to adiponectin and arterial stiffness.
In conclusion, trunk fat and leg fat are strong, independent determinants of adiponectin concentrations, possibly due to differential adiponectin secretion by these fat depots. Furthermore, low adiponectin levels are associated with increased peripheral (but not central) arterial stiffness, particularly in subjects without prior CVD and type 2 diabetes. The association between body composition and peripheral arterial stiffness, however, was only partly explained by adiponectin concentrations, which may indicate that adiponectin may not be causally related to arterial stiffness or that factors other than adiponectin may be more important in the relationship between body composition and arterial stiffness. Inclusion of information on adiponectin isomer fractions may possibly increase our understanding of the mechanisms underlying our results. Table 4 Body composition in relation to arterial stiffness (standardized regression coefficient with P value), with additional adjustment for adiponectin. 
